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This is the fourth semi-annual progress report describing research on
dissociative recombination reactions in planetary and comet atmospheres.
I. Introduction
In previous progress reports we have reported on the development of a
computer program which determines dissociative recombination (DR) cross
sections and rates using potential curves and electronic capture widths
which have been calculated in this laboratory. _,2,3 The program uses Multi-
Channel QuantumDefect Theory (MQDT)to include excited Rydberg resonance
levels in the DRcross section and rate calculations. In the current
reporting period we have revised the program in order to calculate cross
sections and rates for DRfrom excited ion vibrational levels. These cross
sections and rates are very important in planetary ionospheres where it is
well knownthat a substantial fraction of the molecular ions are
vibrationally excited at high altitudes. 4 The laboratory determination of
DRrates which are meaningful for planetary ionospheres is very difficult
since one can generally not generate ions in specified vibrational levels or
in the distributions found in planetary ionospheres. However, with a
theoretical approach one can determine the rates for individual ion
vibrational levels.
Each vibrational level of a molecular ion is the limit for an infinite
series of Rydberg states. Aboveeach ion vibrational level are Rydberg
vibrational levels having higher ion levels as their series limit. These
Rydberg vibrational levels are resonances, i.e. neutral states which are
imbeddedin the electron-molecular ion continuum. The states are illustrated
in Fig. I which is taken from a manuscript currently in preparation. 5 A
single neutral Rydberg state with principal quantumnumbern_6 is shownwith
a dotted llne. At electron energy _, dissociative recombination occurs into
the repulsive _ state. Howeverat energy c', the n_6,v15 state can be
populated. At energy c', this Rydberg level causes an abrupt perturbatlon in
the cross section for DRbecause of interference between capture into the
Rydberg level and capture into the repulsive dissociative state. This latter
process is referred to as indirect recombination. The process in which the
Rydberg levels are excluded and recombination goes from the entrance channel
to the repulsive state is called direct recombination. The full DRprocess,
i.e. both direct and indirect recombination, is the process of importance
for planetary atmospheres. However, in the discussion below, we include the
direct process in order to assess the role of the resonances.
II. DR Cross Sections and Rates
These ideas are illustrated here with the new results for DR from excited
÷
ion vibrational levels of O_ into the _Zu dissociative state (as shown in
Fig. I) which leads to 0(IS) + O(_D). Fig.2 shows the calculated DR cross
section for the v=1 ion vibrational level for electron energies up to leV.
The cross section that has no structure is the "direct" DR cross section in
which the resonance states are excluded. The direct cross section shows a
sharp drop near 0.22eV where the v-2 level of the ion becomes accessible. At
this energy the incoming electron can be ejected leaving the ion in a new
vibrational state, v=2. This process causes a sudden drop in the DR cross
section and corresponds to vibrational excitation assisted by the neutral
repulsive state. Three smaller drops are discernible at higher energies
corresponding to the v=3,4 and 5 ion levels. The cross section curve showing
considerable structure is the full DR curve which includes the Rydberg
resonances. Before each of the v=2,3,4,5 ion levels there is a thick cluster
of Rydberg levels corresponding to the series which has its limit at each
ion level. In the calculations we include levels up to n120. The first
resonance shown in Fig.2 at 0.03eV corresponds to the n_9,w2 Rydberg level
followed by the n=10,v=2 level at 0.07eV. Both these resonances have a
similar shape, however n_10 is more contracted. The resonances get narrower
as n increases. Note that at very low electron energies the cross section
which includes the resonances (the full cross section) is below the cross
section without the resonances. This difference is due to the n_8,w2
resonance which is below the vsl level. While this state is discrete with
respect to the v=2 electron-lon continuum it has a wing which extends above
threshold. The n_8,w2 resonance has a similar shape to that for n_9,vs2 and
the high energy wing of the n=8 resonance decreases the cross section below
the direct cross sectlon.
Fig.3 has a plot of the DRprobability for wl. The DRprobability is the
cross section divided by the maximumallowed cross section at that electron
energy. The probability has a maximumvalue of 1.0 and has the electron
energy dependenceof the cross section removed. This linear plot shows more
of the complex detail in the cross section due to the resonances. Once
again, the plot without structure is the direct cross section. The sharp
breaks in the direct cross section due to the opening of new autoionlzatlon
channels is readily apparent. Note that at certain "magic" energies the
probability can be quite high.
Since there are more dips than peaks in Fig.'s 2 and 3 one would expect
the indirect DRrate to be lower than the rate without the resonances. This
is indeed the case as shownin Fig. 4 where the lower curve is the full DR
rate and the upper curve is for direct DRonly. The rate at 300K is
5.2x10-9cm'/sec.
The MQDTmethod used for the calculation of cross sections and rates
includes the interactions between all entrance and exit channels. In
addition to DR, another exit channel is vibrational deexclta_ion in which
the incoming electron is captured into the dissociative state but prior to
dissociation the electron is emitted leaving the ion in a lower vibrational
level. The intermediate neutral repulsive state can "assist" this process
leading to a higher rate than in the absence of the repulsive state. The
cross section for vibrational deexcltatlon from v=1 to w0 is shown in
Fig.5. The sameresonances discussed earlier for DRenter the deexcltatlon
cross section but with slightly different shapes. Note that in this case the
cross sections with the Rydberg resonances included is considerably greater
than the cross sections without the Rydberg resonances. As a result, the
indirect rate for this process, shown in Fig.6 is above the direct rate. The
full rate at 300K is 1.2x10-1Ocm3/sec.
Fig.'s 7-13 show similar results for the v=2 ion level. The first
resonance here near O.03eV is due to the Rydberg n=9,v=3 level. The next
resonance is due to n=10,v=3 near .07eV but its shape is distorted by
interference with n=4,v=8. Fig. 8 shows the probability plot where one can
clearly discern 4 dense clusters of resonances just below the v-3, 4, 5, and
6 levels of the ion. As for v=1, the resonances exhibit more dips than peaks
and the full DRrate (shownas the bottom curve in Fig.9) is below the
direct DRrate. The full DRrate at 300K is 2.1x10-8cm'/sec.
For the v=2 ion level there are now two channels for vibrational
deexcltatlon, v=0 and wl. The cross section for the v=2 to v=Ochannel is
shown in Fig.10. Note that the n_9,v=3 resonance has a different shape in
Fig.10 comparedto Fig.7. The indirect rate for the 2-0 process is the upper
curve in Fig.11 and is similar to the direct rate except at high electron
temperatures. At 300K, the full 2-0 rate is 2.0x10-10cm3/sec. Fig. 12 shows
the 2-I deexcltatlon process is about a factor of 8 larger than that for 2-0
at 0.01eV and the general resonance structure of the cross sectlon Is
similar to that for 2-0. The indirect 2-I deexcltatlon process is the upper
curve at all temperatures shown in Fig.13. However, for temperatures below
300K, the two rates are nearly indistinguishable. At 300K the 2-I process
has a rate of 1.3x10-9cm'/sec.
The total deexcltatlon rates must include other channels in addition to
the_ channel reported here. The calculation of rates along these other
channels is in progress.
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Figure I. The dissociative _ state and ion potential are shown as solid
lines. The dotted line is the n=6 Rydberg state.
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